Crystallization in the presence of additives like surfactants and polymers is a relatively less explored area but is important for polymorphic screening of a compound during its developmental stage. Surfactants and polymers act by various mechanisms to in‰uence either the growth or the nucleation phase, resulting in modiˆcation of either the polymorphic form or the crystal habit. The present study was aimed at understanding the crystallization behavior of the model drug mebendazole (MBZ) in the presence of an inert polymer polyvinyl pyrrolidone (PVP) and an anionic surfactant sodium lauryl sulphate (SLS). Crystals were generated by the antisolvent approach using the surfactant and polymer solutions in water as the antisolvents. Change in habit from needles to plates took place as a result of modiˆca-tion of the crystallization process in the presence of additive molecules. This was conˆrmed by quantiˆcation of these additives using speciˆc analytical methods, which revealed their presence in small amounts in theˆnal product (0.02, 0.15, and 0.24％ w/w SLS in crystals generated using 0.5, 1.0, and 2.0％ SLS, respectively, and 0.94, and 1.24％ w/w PVP K30 and PVP K90, respectively). Their presence in the crystals led to modiˆcation in the dissolution of the drug. SLS improved the extent of dissolution while PVP had a negative impact and led to reduction in the amount of MBZ released even below that of the pure drug. The study highlights the in‰uence of polymeric and surfactant additives on the crystallization process leading to modiˆed performance.
INTRODUCTION
Crystallization is one of the most di‹cult unit operations and involves a complex process of molecular aggregation, which has been described as``stochastic''. The generation of aˆnal crystal involves a delicate balance between the various thermodynamic, kinetic, and process parameters. Crystals could be generated employing any of the available techniques, sublimation, solvent evaporation, vapor diŠusion, thermal treatment, crystallization from the melt, precipitation by change in pH, growth in the presence of additives, or grinding. 1) A number of factors in‰uence the crystallization process, like the nature of solvent, rate and extent of supersaturation, heating/ cooling rates, stirring rate, and presence of additives. 2) The use of tailor-made additives to in‰uence crystallization is relatively recent and less explored. Additives suitable for controlling crystal shapes do so by virtue of their structural relationships with the crystal surfaces in question and are of diŠer-ent types: low molecular-weight inorganic compounds, low molecular-weight organic compounds, or substances similar in structure to crystallizing solute. In addition, polymeric materials and surface-active agents, which are not similar in structure to the crystal surface, can also in‰uence molecular aggregation during crystallization. 3) Nucleation has been reported to be signiˆcantly aŠected by the viscosity of the medium provided by the polymers, surface tension reduced by surfactants, and supersaturation created by the replacing solvent. 4) Crystallization in the presence of such additives has been carried out to modulate processability and bioavailability (BA) ( Table 1 ).
The present study was aimed at understanding the crystallization behavior of mebendazole (MBZ), a water-insoluble antihelminthic drug, in the presence of an inert polymer polyvinyl pyrrolidone (PVP) and an anionic surfactant sodium lauryl sulphate (SLS). The solvent-change or anti-solvent approach was used, and the role of concentration and grade of additives was studied in the recrystallized product. The generated crystals were characterized for polymorphic or habit modiˆcation using a multitude of analytical techniques. Limited studies have discussed the eŠects of such additives on the crystallization process; however none of them quantiˆed the amount of sur- factant(s) or polymer(s) remaining on the generated crystals. Therefore a key focus of this study was to study the eŠects of these additives on the crystallization process and additionally the amount of additive (s) present in the generated crystals was quantiˆed to understand their role in the modulation of dissolution behavior.
MATERIALS AND METHODS

Materials
Crystalline MBZ (form C) was a gift from Supharma Chem (Gujarat, India). PVP K30 and K90 were gifts from ISP Technologies (Wayne, NJ, USA) and SLS was procured from Qualigens Fine Chemicals (Mumbai, India). Stains-all dye was purchased from Sigma Aldrich (Steinheim, Germany). All other reagents used were either HPLC or AR grade.
Solubility Determination of Drug in Solvents The saturation solubility of MBZ in diŠerent solvents ( Table 2 ) was determined using the synthetic method. A known volume of solvent was placed in 5-ml screw-capped glass vials to which incremental addition of solute was carried out until the solution remained clear. The approximate visual solubility of the drug in solvents was determined by noting the weight of drug added to the solvent until complete dissolution.
Crystallization Using the Antisolvent Method Good solvents and antisolvents were identiˆed on the basis of solubility studies ( Table 2) . A crystallization protocol was developed wherein the drug was dissolved in the good solvent [N,N-dimethyl acetamide (DMA) and N,N-dimethyl formamide (DMF)] and stirred at approximately 500 rpm for 10 min. The antisolvent (solution of PVP or SLS in water) was then poured into the drug solution with stirring. The stirring was continued for about 10 min until crystals started precipitating out. The generated crystals werê ltered and dried at room temperature. Three diŠer-ent concentrations of SLS, 0.5, 1, and 2％ w/v were employed to study the eŠect of surfactant concentration on crystallization. In case of PVP, the concentra- 
tion was maintained constant at 5％ w/v while two diŠerent grades, PVP K30 and PVP K90, were used. Characterization of Generated Crystals Microscopy Crystal habit was observed at diŠerent magniˆcations both with and without silicone oil under optical and polarized light using a Leica DMLP polarized light microscope (Leica, Wetzlar, Germany) equipped with IM 50 V1.20 Twain module imaging software (Leica, Germany).
Powder X-ray DiŠraction (PXRD) PXRD patterns of the solid forms were recorded at room temperature on a Bruker D8 Advance diŠractometer (Karlsruhe, Germany) with Cu Ka radiation (1.54 Å) at 40 kV 40 mA passing through a nickelˆlter with a divergence slit (0.5°), antiscattering slit (0.5°)
, and receiving slit (1 mm). The diŠractometer was equipped with a 2u compensating slit and was calibrated for accuracy of peak positions with silicon pellets. Samples were subjected to PXRD analysis in continuous mode with a step size of 0.01°and step time of 0.5 sec over an angular range of 3 to 40°2u. The crystals generated were loaded in a polymethyl methacrylate (PMMA) holder and pressed with a clean glass slide to ensure coplanarity of the powder surface with the surface of the holder. Obtained diŠractograms were analyzed with DIFFRAC plus EVA (ver. 9.0) diŠraction software.
Quantiˆcation of Polymer and Surfactant in Crystals SLS Quantiˆcation
The quantiˆcation method for SLS with colorimetry using Stains-all dye was adopted from a previously reported study 5) and validated for linearity, precision, accuracy, and inter-and intraday variation as per the ICH guidelines. 6)`S tains-all'' stock solution (1.8 mM) was prepared and further diluted with formamide and deionized water to prepare Stains-all intermediate solution (this solution is stable for 3 days when stored in the dark at 4°C), which was used for standard curve preparation and sample analysis.
Preparation of Calibration Curve DiŠerent concentrations of SLS (0.01 0.2％ w/v) were prepared from the stock solution of SLS using water as the diluent. One hundred microliters of these solutions was placed in diŠerent test tubes and 20 ml of Stains-all intermediate solution was added to each. The color of Stains-all dye changes from fuschia to yellow in the presence of SLS. The absorbance scan was taken in the range of 400 750 nm and readings were measured at 438 nm.
Analysis of SLS in Crystals
An accurately weighed amount (5 mg) of crystals was dispersed in 5 ml of water andˆltered. One hundred microliters of theˆltrate was mixed with 20 ml of Stains-all intermediate solution and the absorbance of the solution measured at 438 nm. The concentration of SLS was determined using the calibration curve.
PVP Quantiˆcation For the determination of PVP, the HPLC method previously developed by the authors 7) was adopted using an Ultrahydrogel column and UV detector. The method was validated as per the ICH guidelines 6) by determining linearity, range accuracy, and precision.
In vitro Dissolution Studies Dissolution studies were carried out using the USP type II paddle apparatus at 75 rpm. The dissolution media used was 0.1 N HCl, without SLS, to improve the discriminatory power of the test. 8) The powder dissolution for 2 h at 37°C was carried out for pure MBZ, crystals generated using diŠerent concentrations of SLS, diŠerent grades of PVP, and the physical mixtures of drug and additives (concentration ratio used as quantiˆed). The samples withdrawn at regular intervals were analyzed after appropriate dilution using a UV spectrophotometer (Beckman DU 6401, USA) at 245 nm. The diŠerences between the amount of drug released in the case of pure MBZ and that of generated crystals were analyzed statistically.
Statistical Analysis
Statistical analysis was performed to assess the diŠerence in the amount of drug released from pure MBZ and generated crystals. The percentage of drug released with time was the quantitative parameter used for comparison between diŠerent crystals in Kruskal-Wallis one-way analysis of variance on ranks (SigmaStat version 2.03; Systat Software Inc., CA, USA). A signiˆcance level of p＜ 0.05 denoted signiˆcance in all cases.
RESULTS AND DISCUSSION
Solubility Determination of Drug in Solvents
The solubility of an active pharmaceutical ingredient in solvents and solvent mixtures has a considerable in‰uence on the choice of solvents and the course of operation in solvent-based processes such as crystallization. 9) Therefore solubility studies were performed to determine the saturation solubility of MBZ in diŠerent solvents to be selected for recrystallization. For a solvent to be used for recrystallization purposes, the solubility of the solute should be on the order of 5 200 mg/ml at room temperature. 1) It was found that MBZ was practically insoluble in most of the commonly used solvents, and thus the choice of crystallizing solvents was very limited. As can be seen from Table 3 , the drug showed a solubility of 20 mg/ ml in DMA, DMF, and dimethyl sulphoxide (DMSO) at 25°C, while in mixtures of formic acid with butanol or isopropyl alcohol (IPA), it showed a solubility of 10 mg/ml. In other solvents like methanol, ethyl acetate, and acetic acid, the values were less than or equal to 5 mg/ml. It was almost insoluble in water, ethanol, ether, chloroform, and mineral acids. Therefore, for crystallization in presence of additives using the antisolvent approach, DMA and DMF were mainly used as good solvents while aqueous solutions of SLS and PVP were used as antisolvents.
Characterization Microscopy The morphologic features of various crystals generated in the presence of additives were visually examined using light microscopy. Stable, pharmaceutically useful MBZ occurs asˆne micronized needles, while the recrystallized product using diŠerent additives had diŠerent external appearances (Fig. 1) .
Particle size of pure MBZ was in the range of 1.5 13.0 mm when observed under the microscope in presence of silicone oil and the maximum number of particles were in the range of 5 10 mm. Birefringence was observed under polarized light. Crystallization in the presence of SLS led to a change in habit from needles to plates and rods. Also an increase in the concentration of the surfactant led to a reduction in crystal size. Table 3 shows the average range of particle size for crystals generated using various concentrations of surfactants.
The crystals generated in the presence of PVP were veryˆne and in the range of 1 2 mm. This may be because polymers create or prolong supersaturation and increase the viscosity of the medium for controlling crystallization. 10) Reported studies have suggested that adsorption of polymers on the surface of nuclei leads to the formation of a diŠusional boundary layer, which inhibits nucleation and growth, resulting in ner crystal yield. 11) Crystal morphology plays a valuable role in pharmaceutical processing and product development of solid dosage forms. 12) DiŠerences in crystal habit may strongly in‰uence the particle orientation and modify the ‰owability, packing, compaction, compressibility, and dissolution characteristics of a drug powder. 13) Powder X-Ray DiŠraction PXRD is an authentic and fool-proof method for determining the crystallinity and identiˆcation of a polymorphic form of a substance. The X-ray diŠraction pattern of a solid form is characteristic and gives direct information about the molecular arrangement within the crystal. 14) Form C of MBZ is characterized by distinct 2u values at 5, 12, 16, 20, 22, 25, and 29°2u. 8) As can be seen in Fig. 2 , crystals generated in the presence of both SLS and PVP retained the same polymorphic form, thus suggesting that additives led to only a change in crystal habit rather than polymorphic trans- 
formation.
A shift in peaks was observed in the case of crystals generated in the presence of PVP K90. It was previously reported that lattice distortions brought about by deformation of the crystals (crystal defects) aŠect peak positions in the powder diŠraction pattern. 15) Hence the presence of PVP in the crystals might have led to either changes in the d hkl -spacing or the loss in periodicity in the crystals, resulting in the observed shifts.
Quantiˆcation of Additives Quantiˆcation of PVP A calibration curve was generated using standard solutions of PVP K30 and K90. In the case of PVP K30, linearity was found in the range of 10 80 mg/ml with R 2 ＝0.9728, while for PVP K90, R 2 ＝0.9993 was obtained in the range of 25  250 mg/ml. The HPLC method used was validated and the precision was found to be＜2％ RSD. It was assumed that some of the additive used during crystallization would be retained in the recrystallized product. PXRD patterns identical to MBZ for crystals generated using SLS and PVP K30 suggested that these additives are not within the crystal lattice but only adsorbed on the surface. However, in the case of product recrystallized from PVP K90, a shift in diŠraction peaks was observed, indicative of lattice distortions brought about by the additive. It is expected that even a small concentration of additive whether within or on the crystal surface can in‰uence the in vitro dissolution. The concentration of PVP present in the crystals was determined from the calibration curves. Polymer grade (diŠerent molecular weight and viscosity) did not have any eŠect on the residual amount in the crystals. The presence of polymer during crystallization might have altered the crystal growth and nucleation process, thereby modifying the habit. This residual amount in theˆnal crystals may also have an in‰uence on the dissolution of the drug.
Quantiˆcation of SLS A colorimetric method using Stains-all dye was employed for the determination of SLS present in the crystals. The method was validated and was found to be precise with RSD＜2
％. The calibration curve depicted linearity (R 2 ＝ 0.9965) within a range of 0.01 0.2％ w/v SLS. The method was selective for SLS, without any interference from the drug. The amount of SLS retained on the crystals generated using diŠerent initial concentrations of the surfactant, i.e. 0.5, 1, and 2％ was found to be 0.02, 0.15, and 0.24％, respectively. Although the amount of SLS remaining in the crystals increased with the use of increasing initial concentration of the surfactant during crystallization, the increase was not linear. To understand the eŠects of this residual amount of surfactant in the crystals, dissolution studies were performed.
In vitro Dissolution Studies To assess the diŠerences (in terms of dissolution) between pure MBZ and the generated crystals, 0.1 N HCl was chosen as a discriminatory dissolution medium. USP 24 describes 0.1 N hydrochloric acid containing 1％ SLS as the dissolution medium for MBZ. Reports have shown that high concentration of SLS in the USP dissolution medium does not allow the use of this test to distinguish between the solubility diŠerences of the three MBZ polymorphs. 8) The most discriminating medium, therefore, was 0.1 N HCl, containing no SLS. The untreated drug showed a release of 67.32％ in 2 h. When crystallized in the presence of SLS, the crystals showed an increase in the amount of drug released at the end of 2 h (Fig. 3) . The increased extent of dissolution was not proportional to the increase in concentration of the surfactant, although in all cases the values were signiˆcantly better than that of pure MBZ. On statistical treatment of data, the values of drug released from crystals prepared with DMA and diŠerent concentrations of SLS failed in the normality test; hence Kruskal-Wallis one way analysis of variance on ranks was applied. There was a statistically signiˆcant diŠerence ( p＜0.05) between the amount released from crystals prepared in the presence of 0.5 and 2％ SLS and between 1 and 2％ SLS, as the diŠerences in the median values among the treatment groups were greater than would be ex- pected by chance.
To assess the role of surfactant in the modiˆcation of the crystallization process, the dissolution of a control, i.e., physical mixture of the drug with the quantiˆed amount of SLS in the crystals, was carried out. Mathematical comparisons between the drug release proˆles were made using the concept of similarity factor ( f 2 ) calculated as below. 16) 
where n is the sample number and R t and T t are the percentages of the reference (crystallized product) and test (physical mixture) drug release, respectively, at diŠerent time intervals t. This similarity factor ( f 2 ) is a logarithmic reciprocal square root transformation of the sum of the squared error and is a measurement of the similarity in the percent dissolution between the two curves. f 2 values greater than 50 (50 100) ensure the sameness or equivalence of the two curves. This factor is endorsed by the FDA as the acceptable and preferred method for dissolution proˆle comparison. The main advantages of the f 2 equation are that it is easy to compute and provides a single number to describe the comparison of dissolution proˆle data. 17) The f 2 values of the crystals produced using SLS 0.5
, and SLS 2％ ( f 2 ＝41.1) conˆrmed the diŠerence in the dissolution proˆles of these crystals compared to their physical mixtures with MBZ. In all the three cases (diŠerent ratios of SLS and MBZ), the dissolution was less compared with the crystallized product (Fig. 4) , but higher than that of untreated MBZ. This may be attributed to the tendency of the surfactants to be adsorbed and slow the growth of hydrophobic surfaces of crystals, thus making theˆ-nal crystals less hydrophobic. 4) Other probable factors for enhanced dissolution of the crystals generated in the presence of surfactants may be an increase in the crystal defect density within the crystal lattice, leading to thermodynamic instability and therefore faster dissolution. The presence of surfactant might also lead to ease of wetting of crystals by the dissolving solvent. Another possibility could be the formation of a solid solution of water-soluble surfactant in the drug crystal which might also enhance dissolution. 10, 18) In comparison, in the case of a physical mixture of MBZ and SLS, the improvement in the amount of drug released is only due to the physically adsorbed surfactant, which promotes wetting of the poorly water-soluble drug. In this case, the surfactant had no role to play in the habit modiˆcation or generation ofˆner crystals to aid in dissolution.
Dissolution of the crystals generated in the presence of PVP (both K30 and K90) was retarded and values even lower than those of pure MBZ were obtained (Fig. 5 ). Fig. 6 shows a comparison of the amount of drug released from products crystallized in the presence of PVP K30, K90, and their physical mixtures with MBZ. The f 2 values of the crystals produced using PVP K 30 ( f 2 ＝35.7) and PVP K90 ( f 2 ＝44.7) conˆrmed the diŠerence in the dissolution proˆles of these crystals compared with their physical mixtures with MBZ.
The decrease in dissolution may be attributed to the increase in the thickness of the diŠusion layer (as per Higuchi's model) due to the high viscosity of the polymer. 19) These water-soluble polymers do not show saturation solubility as such, but rather swell and sorb water to produce a continuum of concentration between the solid surface and the bulk medium. 20) Once in solution in the diŠusion layer, the viscosity is su‹ciently high to render diŠusion through the concentrated layer slow, thereby impeding dissolution. When mixed physically, the contact of the polymer with the drug is not as strong compared with the prolonged and closer contact during crystallization, thereby retarding dissolution to slightly lower levels. A similar eŠect was seen with the use of two diŠerent grades of the polymer. Theseˆndings are in contrast to those in previously reported studies, 21) wherein PVP was found to improve dissolution and the eŠect was more pronounced with the use of a higher viscosity grade. However, there have been reports regarding the inhibitory eŠect of this polymer on crystallization. 18) The reasons for such an eŠect are attributed to the structural interaction of PVP with the drug molecule, thereby in‰uencing the crystallization process.
CONCLUSION
Crystals generated using the antisolvent approach in the presence of SLS and PVP were isomorphic with form C of MBZ, although they exhibited variable crystal habit and smaller mean particle size. Quantiˆ-cation of the residual amount of additives in the generated crystals led to the conclusion that small amounts of these additives are incorporated in theˆ-nal crystals that are responsible for the diŠerence in dissolution of the drug. Both categories of additives had a diŠerent in‰uence on the crystals generated; SLS improved dissolution while PVP retarded it when compared with the untreated drug. The increase in the concentration of SLS used improved dissolution but did not have a linear eŠect. Variation in the grade of PVP did not have a signiˆcantly diŠerent eŠect on the crystals produced. Therefore no generalizations can be made regarding the in‰uence of such additives on theˆnal product.
